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Abstract 
In this work, the reprocessing of a simulated spent fuel (U60Pu20Zr10Am2Nd3.5Y0.5Ce0.5Gd0.5) has 
been studied by electrolysis in molten chloride salt on a solid Al cathode. The electrorefining was 
carried out under constant current at 733 K in LiCl-KCl eutectic. The obtained deposits were dissolved 
in HNO3 (7M) and analysed by ICP-MS. The deposits were found to be composed mainly of U, Pu 
and Am. The U/Nd, Pu/Nd and Am/Nd ratios in the deposits were higher than 2000, 990 and 55, 
respectively. Therefore excellent separation of U and Pu from Ln was obtained and a separation of 
MA from Ln seems to be possible even with a low initial Am/Nd concentration ratio (0.41) in the salt 
phase. 
  365Introduction 
In pyrochemical reprocessing a molten salt phase is used as solvent and the separation of 
actinides (An) from lanthanides (Ln) is carried out by electrolysis or by reductive extraction [1-6]. In 
this work, the An/Ln separation has been studied by electrorefining of U60Pu20Zr10Am2 
Nd3.5Y0.5Ce0.5Gd0.5 metallic alloy in LiCl-KCl eutectic at 460°C onto solid aluminium cathodes. The 
reasons why Al is a suitable cathode material are: 
•  Actinides form stable alloys with Al as with classical cadmium and bismuth cathodes [7, 8]. 
•  The difference in reduction potentials between An and Ln (see Fig. 1) is larger on Al than on 
Bi or Cd [8, 9]. 
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Figure 1.    Reduction potentials of some actinides and lanthanides (M
3+/M
0) on different 
    cathodic materials, obtained by transient electrochemical techniques such as cyclic 
    voltammetry and chronopotentiometry. Reduction potentials become, in general, 
    more positive and compressed compared to inert W electrodes when the element  is 
    alloying with the cathode, which is the case for Bi and Al. By selecting an 
    appropriate electrolysis potential, actinides can be selectively collected as metals 
    on the cathode.  
 
In the separation experiments, pieces of metallic alloy were loaded into an anode basket and 
submerged into the molten salt containing already actinides and lanthanides. During the 
electrorefining tests, An
3+ arising from the anodic dissolution of the anode, were electro-transported 
and collected onto the Al cathode as An (or MA)-Al alloys leaving lanthanides in the salt phase. In 
this work different melt compositions and current densities have been investigated to optimise the 
An/Ln separation efficiency on Al cathodes. 
  366Experimental 
The electrochemical experiments, storage and handling of all chemicals were carried out in a 
glovebox in purified Ar atmosphere (< 1 ppm of water and oxygen). The glovebox is equipped with a 
well type oven in which the experimental set-up can be moved up and down by means of a lifting 
system. The electrodes, thermocouple and a stirrer are positioned through a water-cooled flange, 
which supports the Al2O3 or quartz crucible used in the electrochemical cell. The electrolytic bath 
consisting of U
3+, Pu
3+, Zr
2+ or 4+, Am
3+, Nd
3+, Y
3+, Ce
3+ and Gd
3+, dissolved in LiCl-KCl eutectic, 
(Aldrich 99.99 %) was prepared by oxidising metallic alloy U60Pu20Zr10Am2Nd3.5Y0.5Ce0.5Gd0.5 (ITU 
stock material) in a molten Bi phase in the bottom of the crucible. BiCl3 was used as oxidant and the 
metallic alloy was oxidised according to the redox reaction (1): 
 
                               (1) 
0 3
phase salt
3
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−
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where M represent U, Pu, Zr, Am, Nd, Y, Ce or Gd. 
 
The electroseparation of An from Ln were carried out in a LiCl-KCl melt at T=460°C by 
applying a constant current between the metallic alloy contained in a Ta basket and an Al cathode (rod 
or foil). The reference electrode used was an Ag/LiCl-KCl-AgCl (1 wt.%) prepared in a PYREX glass 
tube. The set-up is shown in Figure 1. 
During the experiments, cathodic and anodic potentials were monitored against the reference 
electrode, and salt samples were taken before and after each electrolyses. The concentration of the 
different elements in the eutectic (mLiCl-KCl ~ 40 g) were in the range of 0.5 wt% to 1.5 wt%. 
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Figure 1.  Experimental set-up used for separation tests. 
 
Samples (about 200 mg), taken from the salt phase salt were dissolved in nitric acid (2 vol %). 
The Al cathode deposit (after removal of residual salt) was then completely dissolved in HNO3 (7 M) 
and concentrations of U, Am, Pu, Zr and Ln were determined by ICP-MS analysis. In addition, the 
concentrations of actinides were determined by NDA techniques such as XRF and HPGe γ counting 
[10]. 
 
 
  367Results 
Figure 2 shows an example of the obtained anodic and cathodic potentials during electrolysis at 
150 mA. The total surface of the Al electrode was approximately 8 cm
2. The anodic potential 
corresponds to the anodic dissolution of the metallic fuel and showed a continuously increasing trend 
as the alloy was electrochemically dissolved. The cathodic potential was slowly decreasing, starting 
from –1.1 V and ending at –1.25 V after almost 2 hours of electrolysis corresponding to an exchange 
of 1130 C. In this potential range, only actinides are expected to be reduced as An-Al alloys [7-9]. 
 
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0:00 0:28 0:57 1:26 1:55 2:24
Time (hh:mm)
P
o
t
e
n
t
i
a
l
 
(
V
)
Cathodic potential
Anodic potential
Cell voltage
End 
of 
electrolysis
 
Figure 2.  Anodic and cathodic potentials during electrolysis. 
 
In total, three electrolyses using three different cathodes were carried out. Figure 3 presents the 
evolution of the salt concentrations of the different elements versus the cumulative passed charge. The 
first sample represents the starting salt composition. It can be noticed that the concentration of U is 
decreasing, the Pu concentration is fluctuating, probably depending on the composition of the un-
dissolved fuel in the anodic basket and the Nd, Ce, Y, Gd and Am concentrations are increasing. It 
indicates that An and Ln are dissolved simultaneously from the metallic fuel. Due to the more anodic 
potential required for the dissolution of Zr, this element is not expected to be found in the salt phase 
before the alloy has been almost completely dissolved, which is the case around a passed charge of 
around 2000 C. After the second electrolysis a new charge (1.79 g) of metallic fuel was loaded in the 
anodic basket.  
The interpretation of the salt phase composition is complicated as several chemical and 
electrochemical reactions have to be taken into account. At the anodic side, lanthanides are firstly 
expected to dissolve, as their redox potentials are the most negative. However, the fuel contains only 5 
wt % lanthanides and the more concentrated actinides U (60 wt %) and Pu (21 wt %) probably 
dissolve simultaneously with the lanthanides. At the cathodic side U should be predominantly 
recovered, as its redox potential is the most positive. Finally, metallic lanthanides and americium 
alloyed in the fuel can be oxidised by U
3+ and Pu
3+ present in the salt phase. 
Figure 4 shows pictures of one of the cathodes after electrodeposition (Fig. 4a) and after 
dissolution with nitric acid (Fig. 4b). In the treatment with nitric acid, the reaction with the An-Al 
alloy deposit seemed to be complete and no significant dissolution of the pure Al electrode occurred, 
probably due to the passivation of the Al surface by an oxide layer. An expected Al/An ratio in the 
dissolution solution of at least 4 is expected since An are deposited as AnAl4 [11]. The dissolution 
solutions were analysed by ICP-MS and the composition of the deposits is listed in Table 1.  
  368 
It can be seen that the deposits are composed mainly of U, Pu and Am and only small amounts of 
lanthanides. The highest An/Ln mass ratio (~2400) is obtained when the cathodic potential is kept 
more positive than –1.3 V (electrolysis 1 and 3). The Am/Nd concentration ratio in the starting salt 
solution (0.40) has been increased approximately 100 times to a Am/Ln ratio of about 40 in the deposit 
(electrolysis 1 and 3). In the second electrolysis the cathodic potential was more negative which can 
explain the lower Am/Ln ratio of 26 as more lanthanides are reduced with decreasing potential. 
Despite the low concentration of Am compared to Ln in the salt phase, a separation of MA from Ln 
seems therefore feasible. 
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Figure 3.  Salt composition during the electrolysis. 
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Table 1.  Composition of the cathodes 
  Mass in the deposit (mg) 
  Electrolysis 1  Electrolysis 2  Electrolysis 3 
Cathodic 
potential 
(V) 
-1.20 to -1.27  -1.20 to -1.35  -1.20 to -1.25 
U 512 151  971 
Pu 243  137  433 
Am 13.5  11.5  24.1 
Zr - 4.19  7.08 
Y 0.018 0.023 0.076 
Ce 0.026 0.035 0.043 
Nd 0.244 0.340  0.437 
Gd 0.025 0.038  0.061 
Ln
An
m
m
  2451 687 2314 
Ln
Am
m
m
  43.0 26.4 39.1 
 
 
 
 
Figure 4.  Al electrode covered with 1.13 g of actinides (a) and the same electrode after 
treatment in HNO3 (b). 
 
Conclusions 
Reprocessing of metallic alloy fuel (U60Pu20-Zr10Am2Nd3.5Y0.5Ce0.5Gd0.5) was carried out by 
electrorefining onto solid Al electrodes. Analysis of the deposits confirmed that an excellent 
separation of actinides from lanthanides (An/Ln mass ratio = 2400) had been obtained. In addition a 
Am/Ln mass ratio as high as 40 was reached when the cathodic potential was kept above –1.3 V. 
Therefore excellent separation of U and Pu was obtained and a separation of MA from Ln seems to be 
possible even with a low initial Am/Nd concentration ratio in the salt phase (0.41).  
 
 
  370REFERENCES 
[1]  Y. Sakamura, T. Inoue, S. S. Truman,F. G. Leloy. GLOBAL 95. 1995. Versailles, France. 
 
[2]  T. Koyama, M. Iizuka, Y. Shoji, R. Fujita, H. Tanaka, T. Kobayashi,M. Tokiwai, J. Nucl. Sci. 
 Technol., 34 (4), 384 (1997). 
 
[3]  T. Nishimura, T. Koyama, M. Iizuka,H. Tanaka, Prog. Nucl. Energy, 32(3/4), 381 (1998). 
 
[4]  M. Iizuka, K. Uozumi, T. Inoue, T. Iwai, O. Shirai,Y. Arai, J. Nucl. Mater., 299 32 (2001). 
 
[5]  K. Kinoshita, T. Inoue, S. P. Fusselman, R. L. Gay, C. L. Krueger, T. S. Storvick,N. Takahashi. 
 GLOBAL  97. 1997. Yokohama, Japan. 
 
[6]  Y. Sakamura, T. Hijikata, K. Kinoshita, T. Inoue, T. S. Storvick, C. L. Krueger, L. F. Grantham, 
  S. P. Fusselman, D. L. Grimmett, J. J. Roy, J. Nucl. Sci. Technol., 35, 49 (1998). 
 
[7]  J. Serp, R. Malmbeck, E. Yakub, J. -P. Glatz, in GLOBAL 2003, New Orleans, Nov 16-20, 
 USA. 
 
[8] J.  Serp, M.Allibert, A. Le Terrier, R. Malmbeck, M. Ougier, J. Rebizant, J.-P. Glatz, Journal of 
  Electrochemical Society, 2004, in press. 
 
[9]  J. Serp, R. Malmbeck, C. Scheppler, J. -P. Glatz, in ATALANTE 2004, 21-24 June, 2004. 
  
[10]  S. Abousahl, P. van Belle, H. Eberle, H. Ottmar, K. Mayer, P. Ragan, M.Ougier, J. Serp, in 
  ATALANTE 2004, 21-24 June, 2004. 
 
[11]  T. B. Massalki, ed. Binary Alloy Phase Diagrams. 2:nd edition ed. 1990, ASM International. 
 
  371